Changes in arterial wall composition and function underlie all forms of vascular disease. The fundamental structural and functional unit of the aortic wall is the medial lamellar unit (MLU). While the basic composition and organization of the MLU is known, three-dimensional (3D) microstructural details are tenuous, due (in part) to lack of three-dimensional data at micro-and nano-scales. We applied novel electron and confocal microscopy techniques to obtain 3D volumetric information of aortic medial microstructure at micro-and nano-scales with all constituents present. For the rat abdominal aorta, we show that medial elastin has three primary forms: with approximately 71% of total elastin as thick, continuous lamellar sheets, 27% as thin, protruding interlamellar elastin fibers (IEFs), and 2% as thick radial struts. Elastin pores are not simply holes in lamellar sheets, but are indented and gusseted openings in lamellae. Smooth muscle cells (SMCs) weave throughout the interlamellar elastin framework, with cytoplasmic extensions abutting IEFs, resulting in approximately 20°radial tilt (relative to the lumen surface) of elliptical SMC nuclei. Collagen fibers are organized as large, parallel bundles tightly enveloping SMC nuclei. Quantification of the orientation of collagen bundles, SMC nuclei, and IEFs reveal that all three primary medial constituents have predominantly circumferential orientation, correlating with reported circumferentially dominant values of physiological stress, collagen fiber recruitment, and tissue stiffness. This high resolution three-dimensional view of the aortic media reveals MLU microstructure details that suggest a highly complex and integrated mural organization that correlates with aortic mechanical properties.
Introduction
The medial lamellar unit (MLU) is both the structural and functional unit of the aorta, observed in the aorta of all mammals (Wolinsky and Glagov, 1967) . MLU layers are repeated throughout the thickness of the wall, with MLU quantity proportional to the circumferential tension in the arterial wall (Wolinsky and Glagov, 1967) . Aortic elastic properties are similar for differently sized animals (Dobrin, 1983) and tension per MLU remains essentially constant at approximately 2 N/m (Wolinsky and Glagov, 1964; Zatina et al., 1984) . Additionally, orientation of extracellular matrix (ECM) fibers within the MLU affects the distribution of stresses and vice-versa (Clark and Glagov, 1985; Driessen et al., 2003; Gosline and Shadwick, 1996; Jackson et al., 2002; Kanda and Matsuda, 1994; Loree et al., 1992; Sun et al., 2004) . MLU structure is related to function.
Wolinsky and Glagov proposed the first model of MLU microstructure in 1967, describing the MLU as concentric elastic lamellae with smooth muscle cells (SMCs) and collagen in between (Wolinsky and Glagov, 1967) . Numerous subsequent studies of blood vessel microstructure have enhanced this model, but the lack of high resolution three-dimensional (3D) data has resulted in unclear and often contradictory descriptions of mural microstructure.
In Clark and Glagov's MLU model, interlamellar space was filled with overlapping SMCs, thin, circumferentially oriented elastin fibrils, and wavy collagen fibers. SMCs are depicted as elongated nuclei surrounded by smooth cytoplasm spanning between lamellae, with wavy collagen and interlamellar elastin fibers (IEFs) weaving throughout. The number of lamellae has been shown to decrease from anterior to posterior (Draney et al., 2003) and from superior to inferior, and branching of one lamella into two distinct lamellae has been observed (Berry et al., 1972; Gerrity and Cliff, 1972; Smith, 1976) . Direct connections between lamellae have been observed in 2D images and chemically degraded specimens (Berry et al., 1972; Smith, 1976; Song and Roach, 1985) , and more recent studies described considerable interlamellar elastin (Dingemans et al., 2000; Jiang and AA, 1992) , as well as a direct connection between elastin and SMCs (Dingemans et al., 2000) .
Many SMC features are controversial. SMC orientation is described as circumferential (Arner and Uvelius, 1982; Clark and Glagov, 1985; Dingemans et al., 2000; Gaballa et al., 1998; Hansen et al., 1980; Wolinsky and Glagov, 1967) , oblique (Bierring and Kobayasi, 1963; Cliff, 1967; Fujiwara and Uehara, 1992; Keech, 1960; Wolinsky and Glagov, 1967) , and helical (Gabella, 1983; Osborne-Pellegrin, 1978; Wolinsky and Glagov, 1967) . SMC orientation relative to the vessel surface has been described as parallel (Clark and Glagov, 1985) and not parallel (Cliff, 1970; Fujiwara and Uehara, 1992; Keech, 1960; Pease and Paule, 1960) . Both SMC and IEF orientation has been observed to change directions in each subsequent lamella, creating a herringbone appearance when viewed in longitudinal section (Davis, 1993; Dingemans et al., 2000) . In addition, collagen fibers are described as wrapping around the vessel in a helical organization (Rhodin, 1979; Shadwick, 1999; WalkerCaprioglio et al., 1991; Wolinsky and Glagov, 1964) . Collagen takes the form of membranes enveloping SMCs and the form of wavy bundles associated closely with elastin but not with SMCs (Cliff, 1970; Dingemans et al., 2000) .
Histological techniques have provided a wealth of data on mural composition. Mechanical testing has contributed information on the strength and rupture limits of aortic tissue and its individual constituents. What has been lacking in these studies is detailed information on the structural arrangement of these constituents. Previous microstructural information has come from digested specimens and 2D views. Chemical digestion is used to eliminate all material except the material of concern, so that its 3D structure can be imaged at high resolution, typically using scanning electron microscopy (SEM). However, digestion creates artifacts such as degree of degradation is difficult to control (finer features, such as thin IEFs, may be degraded while large features remain), features may be distorted (elastin pores enlarge (Song and Roach, 1984) , strained material relaxes as joined components are degraded), and damage due to manipulation. Two-dimensional views are limited, and complex features can easily be misinterpreted from 2D images. A recently developed electron microscopic technique (Denk and Horstmann, 2004) , produces nanostructural information in three dimensions (Briggman and Denk, 2006) . The tissue is fixed in physiological conditions and imaged without removal of constituents or destruction of interconnections to create a realistic Fig. 1 . Sample location and size: Represents scale of imaging. Images presented are from (left to right) geometric model of rat aorta, light microscopy of aortic cross section, confocal laser scanning microscopy (CLSM), and serial block-face scanning electron microscopy (SBFSEM). Note the branching lamellae in the CLSM image (yellow arrow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 1 Macroscopic features and composition of healthy rat abdominal aorta Number of medial lamellae 4.4 ± 0.5 Anterior 5.4 ± 0.5 ⁎ Posterior 3.4 ± 0.6 ⁎ Elastin volume [%] ∼ 29 Lamellae volume [%] ∼ 71 IEF volume [%] ∼ 27 Strut volume [%] ∼ 2 Smooth muscle cell volume [%] ∼ 24 Nuclei volume [%] 11 ± 3 Cytoplasm volume [%] 89 ± 3 Ellipticity 6.2 ± 1.4 Radial tilt [degrees] 19.1 ± 2.8°C ollagen + Ground substance volume [%] ∼ 47 Collagen recruitment [%] 10 ± 1 ⁎ p b 0.001.
representation of the architecture and relationship of constituents. We studied the 3D MLU micro-and nanostructure of the healthy rat abdominal aorta using this technique in conjunction with confocal microscopy.
Results
The average diameter of the rat abdominal aorta shown in Fig. 1 was 1.52 ± 0.14 mm, with mural thickness of 118 ± 44 μm. Individual MLU thickness measured 13.9 ± 1.2 μm, and elastic lamellae measured 2.1 ± 0.6 μm thickness. Lamellae were asymmetrically numbered around the vessel circumference, with the rat abdominal aorta containing 5.3 ± 0.5 anterior and 3.4 ± 0.6 posterior lamellae ( pb 0.001) ( Table 1) . In all specimens, lamellar quantity was greater in the anterior region compared to posterior. Elastic lamellae were observed branching in confocal laser scanning microscopy (CLSM) cross section images, with branching occurring at regular intervals around the vessel circumference (Fig. 1 , CLSM image shows branching). 3D CLSM (Fig. 2) shows that the characteristic MLU structure, with layers of elastin divided by elongated SMC nuclei and collagen, has a highly threedimensional nature. Elastin is present between lamellae, SMC nuclei are not neatly arranged, and collagen densely fills the interlamellar space. Serial block-face scanning electron microscopy (SBFSEM) 3D volume images showed that the MLU was comprised of approximately 29% elastin, 24% SMCs, and 47% collagen and ground substance ( Table 1 ). The 3D SBFSEM volume revealed dense packing of the MLU with elastin, SMCs, and collagen, and a complex relationship among these constituents repeated from layer to layer. Fig. 3 shows the complex architecture of elastin having 3 unique forms: (1) lamellae, (2) IEFs, (3) radial elastin struts. Of the 29% total elastin volume, lamellae comprised 71%. These lamellae are thick continuous sheets of elastin with a fibrous surface and periodic pores. 27% of elastin was found between lamellae, in the form of dense, intricately organized IEFs. IEFs are chords or wisps of elastin that protrude obliquely (in circumferential and radial directions) from top and bottom lamellar surfaces and terminate in interlamellar space. IEFs surrounded and abutted the SMC cytoplasm, forming a cage-like structure in which the SMC resides. The remaining 2% of elastin was found in the form of thick radial elastin struts (Table 1) . Radial elastin struts, or periodic thick chords of elastin that branch from a primary elastic lamella and extend to an adjacent lamella, provided a direct radial interlamellar connection (Fig. 3 ). Radial . The first image in the series is taken just below the internal elastic lamella, and each subsequent image is 2.2 μm deeper. Collagen fiber bundles do not form a helical mesh within each layer, rather bundles are parallel within each layer, closely enveloping SMC nuclei. Fiber orientation for each layer differs slightly from adjacent layers, achieving a variation of orientations throughout mural thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) elastin struts were much less dense than IEFs, but were more substantial (90% as thick as lamellae).
Elastin
The characteristic pores in elastic lamellar sheets were not merely circular perforations in lamellae, as typically represented and as observed in CLSM images (Fig. 2b) , but rather the high resolution of SBFSEM images showed that pores were actually indentations of lamellae whose indented edges were gusseted by extensive reinforcement from IEFs. Pores were only observed to protrude abluminally, with SMCs deforming beneath and extending into lamellar pores.
Smooth muscle cells
SMCs accounted for 24% of total medial volume. The volume of a single medial SMC was 1630 ± 640 μm 3 , comprised of 89 ± 3% cytoplasm and 11 ± 3% nucleus. The density of SMCs within the media was 3.7 ± 0.6 × 10 5 cells/mm 3 . In 3D CLSM ( Fig. 2c ), elongated SMC nuclei are seen layered between each set of lamellae. Fig. 4 shows how the typical medial vascular SMC is configured between lamellae. The shape of healthy aortic media SMC nuclei was elliptical (long axis/radius = 6.2 ± 1.4), averaging 3.1 ± 0.8 μm short axis length and 19.0 ± 3.3 μm long axis length. Between lamellae, the long axis of each nucleus aligned in the circumferential direction with a 19 ± 3°radial tilt, resulting in cytoplasmic ends directed toward top and bottom lamellae (Fig. 4) . This radial tilt of nuclei remained consistent from layer to layer. The cell cytoplasm had a much more irregular shape than the nucleus. The surface areato-volume ratio of SMC cytoplasm was 18 times greater than that of its nucleus, substantiated by extensive outcroppings protruding from the main cell body encompassing the nucleus. The cytoplasm weaved in and around IEFs with extensions abutting IEF terminations and overlapping adjacent SMCs.
Collagen
Collagen and ground substance comprised 47% of the total medial volume (Table 1) . 3D CLSM (Fig. 2d ) revealed this densely packed collagen as interspersed fibers between elastic lamellae. Higher magnification SBFSEM images showed that collagen was organized as bundles of fibers (numbering 24± 15 fibers per bundle), and as thin bundles or individual fibers. Fig. 5 shows a series of CLSM images that reveal the parallel arrangement of collagen fiber bundles within each layer (layer refers to radial depth throughout the thickness). The orientation of each layer of parallel fiber bundles differed slightly from adjacent layers, such that a wide variety of orientations were achieved throughout the mural thickness (Fig. 5) . Within each layer, fiber bundles were seen closely enveloping SMC nuclei (Fig. 5) . Fiber bundles were coiled at mean physiological pressure (Fig. 6 ). Individual collagen fibers were observed covering the surface of SMCs, and thin bundles were observed throughout interlamellar space. Fig. 7 shows that all 3 primary mural constituents (IEFs, SMC nuclei, and collagen fiber bundles) aligned preferentially in the circumferential direction. The ratio of areas under the orientation indicator (OI) curve in the range of ± 10°from circumferential compared to ± 10°from longitudinal was 2.7 for IEFs, 3.9 for SMC nuclei, and 2.2 for collagen fiber bundles. These circumferentially dominant ratios suggest that more than twice as many IEFs and collagen fibers and nearly 4 times as many SMC nuclei are aligned in the circumferential direction. We also noted that collagen fibers aligned preferentially in the media, but showed random orientation in the adventitia, with the media having a 60% greater ratio of area under the OI curve in the range of ± 10°from circumferential compared to ± 10°f rom longitudinal.
Orientation

Discussion
In 1985, Clark and Glagov provided a 3D visual rendition of the architecture of the blood vessel mura, which has become the predominant image for understanding and modeling medial aortic structure. This fundamental MLU image has provided the foundation for understanding and modeling of medial aortic structure. Evidence of a direct connection between IEFs and SMCs by Dingemans suggested a functional relationship between constituents. This is the first time SBFSEM has been applied to the aorta. SBFSEM produces high resolution images of aortic medial microstructure that reveal the 3D architecture of all constituents. By imaging specimens in their physiological state, and removing constituents via image processing rather than chemical degradation, we show the true in vivo organization of mural constituents in both isolated and assembled configurations. The basic macrostructure of the MLU resembles Clark and Glagov's depiction. However, CLSM images resolve micro-scale features, such as the dense IEF network, staggered arrangement of elliptical SMC nuclei, and distribution of constituent orientation. SBFSEM images substantiate CLSM findings, and reveal new knowledge about nano-scale features such as shape and position of radial elastin struts, indentation and fibrous support structure of lamellar pores, complexity of IEFs, and spatial relationship among constituents. These novel features enhance our understanding of MLU microstructure (depicted in Fig. 8 ).
3.1. General medial structure MLU thickness measured using SBFSEM in our study agreed well with the 13-15 μm previously reported using light and electron microscopy (Avolio et al., 1998; Clark and Glagov, 1985; Dingemans et al., 2000; Rodin, 1980; Glagov, 1964, 1967) . SBFSEM measurements of elastic lamellar thickness were comparable with previous studies showing 1.0-2.2 μm (Dingemans et al., 2000; Sato et al., 1994) . Previous research has shown asymmetry of aortic lamellae (Draney et al., 2003) . Our results showed that even the rat, averaging only 4 lamellae has significant asymmetry in number of lamellae around the vessel circumference. Possible explanations for structural asymmetry of lamellae are greater anterior vessel strain (Draney et al., 2003) and lack of external support. Previous reports have shown lamellar branching (Berry and Greenwald, 1976; Gerrity and Cliff, 1972; Smith, 1976 ), but our CLSM study showed that branching occurs regularly throughout the vessel circumference. This branching of lamellae provides an explanation of how this change in number of lamellae is structurally accommodated, and provides a means for local structure to match local strains without structural discontinuity.
All 3 primary vessel constituents showed preferential orientation in the circumferential direction. Mechanical vessel properties reflect this same circumferential dominance. Circumferential-to-longitudinal stress ratio is ∼1.5, (Doyle and Dobrin, 1971; Vaishnav et al., 1972) and circumferential-tolongitudinal stretch ratio is 1.8 in the physiological regime (Shadwick and Gosline, 1994) . The ratio of circumferential-tolongitudinal yield strength is 1.4. (Mohan and Melvin, 1982; Thubrikar et al., 2001 ) This preferential orientation of medial constituents in the same direction as the dominating physiological load and vessel mechanical properties suggests a strong relationship between vessel microstructure and function.
Elastin
Our volume measurement of elastin from SBFSEM images compared favorably with those reported previously (23% (He and Roach, 1994) , 28% (Song and Roach, 1984) ). A surprisingly large amount of elastin (nearly 1/3rd of all elastin) Fig. 7 . Distributed orientation of smooth muscle cell nuclei, elastin, and collagen: Normalized distribution of orientation indicators (OIs) of mural constituents shows that smooth muscle cell nuclei, interlamellar elastin fibers, and collagen preferentially align in the circumferential direction (90°).
was not in the form of lamellae, but rather took the form of IEFs. Preferential circumferential orientation of IEFs suggests that elastin contributes to vessel anisotropy, predominantly in the physiological range, as previously reported by Sherebrin (Sherebrin et al., 1983) . The observed abutment of IEFs to SMC cytoplasm confirmed the direct connection described by Dingemans (Dingemans et al., 2000) . Through these connections, IEFs have a means of transferring lamellar stress to SMCs, the single living constituent within the aortic wall.
Radial elastin struts have been observed in TEM and SEM images of chemically degraded specimens (Berry and Greenwald, 1976; Smith, 1976; Song and Roach, 1985) . The presented SBFSEM volume revealed the undisturbed configuration of thick radial elastin struts spanning the interlamellar space, and showed how struts provide radial connection of lamellae and division between SMCs. Struts comprised only a small fraction of elastin volume, but their sizeable thickness and dominant radial orientation suggested that they may play a key role in supporting radial loads within the elastin matrix, serving to prevent aortic dissection or delamination. Lamellar pore openings also showed radial support on the abluminal side by an extensive IEF network, likely reducing excessive deformation or displacement of pore edges.
Smooth muscle cells
Our measured SBFSEM volume of SMCs agreed well with previous studies of 23% (He and Roach, 1994) , with relatively consistent proportions of cytoplasm and nuclei. The elliptical shape of SMC nuclei suggests that cells exist in tension, elongated by IEFs from adjacent lamellae. Matsumoto showed that radially cut aortic segments reveal protruding elastic lamellae and retracted SMCs, indicating that medial elastin exists in a state of compression and SMCs in a state of tension (Matsumoto et al., 2003) . That the SMC is oriented in the same preferential circumferential orientation as the other ECM constituents suggests that SMCs may be actively involved in mural support.
Previous studies have described an oblique orientation of SMCs, with only Fujiwara measuring the angle of tilt (Davis, 1993; Dingemans et al., 2000; Fujiwara and Uehara, 1992) . Fujiwara reports an average of 23°for the rat thoracic aorta (Fujiwara and Uehara, 1992) . We report a slightly lower value of 19°for the rat abdominal aorta. This radial tilt of SMC nuclei has typically been described as a herringbone arrangement, with SMC tilt alternating between layers (Davis, 1993; Dingemans et al., 2000) . However, our study showed that the radial tilt of SMCs remained consistent between lamellae (Fig. 8) .
Individual SMCs were found between and around numerous IEFs, similar to the "musculo-elastic fascicles" described by Clark (Clark and Glagov, 1985) . The similarity in orientation of IEFs and SMCs and the close proximity of termination points support Dingemans' report of a direct IEF to SMC cytoplasm connection. (Dingemans et al., 2000) Elastin forms cage-like structures around SMCs, with lamellae covering luminal and adventitial surfaces, and radial struts and IEFs dividing adjacent SMCs in the axial direction. SMCs freely connect to SMCs in the circumferential direction. The elongation of the inner nucleus within a more flexible cytoplasm suggests that forces applied to the cytoplasm surface are transferred to the nucleus. Ingber showed that the SMC cytoplasm is filled with a cytoskeletal matrix that transmits forces from outside of the cell into the nucleus (Ingber, 2006; Ingber et al., 1994) . In this manner, pulsatile cyclic stresses on the cell surface can influence gene transcription (Chiquet, 1999; Ingber, 2006) . SMCs are responsible for synthesizing ECM to support the vessel wall. Cyclic tensile stress promotes the SMC to take on a contractile phenotype, decrease matrix metalloprotease (MMP) production, and generate moderate amounts of ECM (Chiquet, 1999; Kanda and Matsuda, 1994; Kim and Mooney, 2000) . Conversely, zero stress causes SMC apoptosis, and static stress causes a synthetic SMC phenotype with increased MMP production and ECM synthesis (Kanda and Matsuda, 1994; Kim and Mooney, 2000) . These previous studies show that SMC stimulus is linked to maintenance of mural function. Our study shows that the architecture of IEFs is one means by which physical stimuli might be transmitted.
Collagen
Collagen is commonly described and modeled as a meshwork of helically woven fibers layered around the vessel circumference (Clark and Glagov, 1985; Walker-Caprioglio et al., 1991) . However, CLSM images showed that collagen fiber bundles were not woven together. Rather, fiber bundles were parallel within each layer. If the full stack of many parallel fiber layers was viewed through the entire thickness, it creates the appearance of a woven helical mesh arrangement. It is possible that this full thickness view caused this misinterpretation of collagen arrangement. Parallel fiber bundles suggest greater packing efficiency, allowing more fibers to be located in a smaller volume. Collagen fibers are oriented parallel in the highest loaded physiological structures (tendons and ligaments), suggesting that this parallel arrangement is favorable for high loading conditions. Our results show that collagen fibers are arranged to support loads preferentially in the circumferential direction.
Previous studies suggest that only 6-7% of collagen fibers are engaged at physiological pressure (Armentano et al., 1991; Greenwald et al., 1997) . Our study visually confirmed that collagen fiber bundles were not taut at mean physiological pressure, and estimated a comparable recruitment of collagen fibers.
IEFs and SMCs exhibited similar oblique (circumferential and radial) tilt, but large collagen fiber bundles lacked radial tilt. This confirms Dingemans' finding that collagen bundles are independent of elastin and SMCs, lacking direct connection and receiving loads based on the overall MLU state (Dingemans et al., 2000) .
This detailed 3D view of the aortic media confirms and clarifies basic features of MLU organization: lamellar elastin structure, elastin fibrils protruding from lamellae, oblique SMCs, SMC cytoplasm connects to IEFs, helical collagen fiber bundles. It highlights several new features: complexity and density of IEFs, thick elastin struts, gusseted pores, extensiveness of SMCs, and layers of unidirectional collagen bundles. This work resolves previously contradictory findings by showing that SMC obliquity is consistent from layer to layer, and collagen is arranged as layers of parallel fiber bundles, rather than as layers of woven mesh.
In conclusion, the 3D microstructure of elastin is more extensive and complex than previously thought. Elastin is prominent throughout interlamellar space in the form of circumferential IEFs and radial elastin struts. Elastin's impressive fibrous support structure suggests that, in addition to damping and load carrying, elastin transmits tension, resists dissection, and provides the structural foundation for the ongoing remodeling of the aortic wall. The extensiveness of SMC cytoplasm and the elliptical orientation of nuclei suggest that SMCs undergo continuous cyclic loading and are actively involved in remodeling of the aortic media. Collagen fiber bundles are assembled as stacks of parallel layers. The microstructural organization of these primary constituents corresponds with the predominant stress imposed on and the mechanical properties exhibited by the vessel.
This new image of the MLU provides the first high resolution 3D image of the aortic media. The complex, interrelated architecture of constituents provides insight into the structurefunction relationship of the aorta. The aorta is a composite material, whose constituents, architecture, and interconnections are vitally important to overall material performance. Given the critical role of elastin, we can appreciate how diseases such as aneurysm, Marfan's Syndrome, and Williams-Beuren alter mural structure and function. For example, Marfan's patients are more susceptible to aortic dissection. It would be interesting to determine if the radial support of struts and gusseted pores are decreased or absent in the aortic media of Marfan's patients. We can determine the effects of hypertension which increases MLU thickness but not MLU quantity. We can understand how MLU structure changes with the natural degradation of elastin that comes about with aging. Attempts to engineer artificial blood vessels can be specifically targeted to emulate critical functions observed in the healthy MLU. As we learn how the healthy aorta becomes unhealthy, we can begin to effectively maintain wall structure, prevent mural degradation, and repair (or even replace) existing damaged tissue.
Experimental procedures
Experiments were performed on 8 adult male Sprague Dawey rats of 300-400 g. All animals were treated in compliance with local IACUC approval in accordance with ethical guidelines. The micro-and nanostructure of the abdominal aorta was measured by confocal microscopy for seven aortas and electron microscopy for one aorta.
Animals were anesthetized and the infrarenal aorta was exposed. After ligating branching vessels, a 2-3 cm segment of the infrarenal aorta was harvested and prepared for microstructural analysis. All 8 cylindrical specimens were fixed at mean intraluminal pressure of 110 mmHg using 4% paraformaldehyde. All images were performed on fixed specimens in vitro. Fig. 1 shows the location of samples and scale of images taken with confocal microscopy and electron microscopy. Eight cross section images were taken around the circumference of the vessel at 45°increments. The anterior region of samples was imaged for en face CLSM and SBFSEM specimens.
Confocal laser scanning microscopy (CLSM) imaging
Confocal imaging was performed at the CSIF Facility in the Beckman Center at Stanford University Medical Center. Scanning was performed on a Zeiss LSM 510 Confocal Laser Scanning Microscope using single photon excitation with a 25 mW Argon laser of 488 nm and 514 nm using oil immersion lenses. Elastin and collagen naturally autofluoresce, with slight overlap in excitation and emission wavelengths. We uniquely identified optimal imaging regions for elastin and collagen by analyzing excitation and emission spectra for digested normal rat abdominal aorta specimens. We found that isolated elastin excites maximally at 488 nm (20% laser power) and emits in the region 500-550 nm (band pass filter). Isolated collagen excites at 514 nm (30% laser power) with emission and reflection optimal in the region of 500-530 nm (band pass filter). Propidium iodide (PI) was used to stain cell nuclei, allowing nuclei to be excited with the same 514 nm wavelength as collagen, while emission was recorded above 615 nm (low pass filter), easily distinguished from collagen. PI indiscriminately stains all nuclei, making it possible that any cell type (SMCs, fibroblasts, macrophages, …) was imaged. However, SMCs are the only cell type observed in the healthy aortic media (Ross and Glomset, 1973) .
En face specimens were prepared by longitudinally slicing open the posterior side of the cylindrical specimen and laying it flat between microscope slide and coverslip. En face images were recorded at 100× with slices taken at 0.37 μm depth to give a voxel size of 0.09 μm × 0.09 μm × 0.37 μm and field of view of 92 μm × 92 μm. Cross sections of 20-40 μm thickness were imaged at 63× magnification to give a field of view (FOV) of 150 μm × 150 μm.
Serial block-face scanning electron microscopy (SBFSEM) imaging
Approximately 1 mm 2 pieces from the anterior wall of a single pressure-perfusion fixed specimen were soaked in 4% tannic acid with 2% gluteraldehyde and sodium cacodylate buffer at pH 4.0-4.3 for 12 h to increase intensity of elastin in electron microscopy (EM) images. The specimen was rinsed in sodium cacodylate buffer and routinely processed for transmission electron microscopy (TEM) study using osmium postfixation and uranyl acetate en bloc staining. Final embedding used hard formulation epoxy resin (Embed 812) to optimize thin sectioning. Following standard thick and thin section study, the specimen was mounted on aluminum pins and trimmed to a cutting face of approximately 250 × 350 μm, specific to the cutting apparatus of the SBFSEM machine.
Image stacks were then obtained using SBFSEM (Denk and Horstmann, 2004) . The equipment consists of a scanning electron microscope (SEM) retrofitted with an in-chamber custom-built ultramicrotome that repeatedly removes uniform 40 nm sections from the specimen surface, thereby exposing subsequent surfaces for block-face imaging by the SEM. Because the tissue block position is fixed, image registration is inherent and image distortion (as in TEM) is absent, greatly simplifying volume reconstruction.
Magnification of 5000× provided 2048 × 1768 pixels encompassing a 52 × 45 μm 2 area of tissue. 1300 two-dimensional (2D) slices (5 GB of data) at 40 nm thickness were used for volume rendering to generate the 3D images presented (25 nm × 25 nm × 40 nm voxels). Separation of constituents (elastin, SMC nuclei, SMC cytoplasm, and collagen) required both automatic and manual segmentation. Manual segmentation of SMC nuclei and cytoplasm was performed on odd slices for a single SMC, and on every 8 slices for all SMCs within a single MLU. Pixels specific to each constituent were mapped into one of four gray-scale ranges. Using these gray-scale ranges, we assigned voxels for each constituent a specific range of color for viewing, and measured volume of voxel groups.
Quantification of properties
Vessel diameter and mural thickness were measured from cross sections viewed under a light microscope. Medial thickness was measured as the distance from the internal elastic lamina to the outermost lamina. Lamellar number was estimated from the average of eight 2D CLSM cross sectional images taken at 45°increments around the vessel circumference. MLU quantity is computed as one less than the average quantity of lamellae, and MLU thickness is computed as medial thickness divided by MLU quantity.
Constituent volumes
Volumes of elastin, SMC cytoplasm, SMC nuclei, and collagen were measured in SBFSEM volumes using the GE Advantage 4.3 system in Stanford University's 3D Imaging Lab. Volumes are reported as percent of total tissue volume. By using image processing to selectively measure constituent volumes in the tissue's in vivo state, finer structures are preserved down to the resolution of the SBFSEM voxel (25 nm × 25 nm × 40 nm).
The specific volumes of elastic features were measured in SBFSEM images. Lamellae volume was estimated based on lamellar dimensions in the SBFSEM volume. Radial elastin strut thickness and density were manually measured in 9 struts observed. Strut volume was estimated based on columnar strut shape and density. IEF volume was computed as total elastin volume minus lamellae and strut volume.
Nuclei volume was computed for all cells in the SBFSEM sample (N = 39), and cytoplasm was computed for each cell contained between the two most prominent lamellae (N = 10). Ellipticity of nuclei was measured by orienting the 3D volume to view maximal cell length, and computing ellipticity as nuclei long axis/ short axis. Radial tilt of SMC nuclei was computed with the SBFSEM volume oriented to view maximal nucleus length, using adjacent lamellae as the reference frame. As seen in Fig. 1 , lamellae were essentially parallel to each other and the lumen surface. Thus, the resulting radial tilt was defined parallel to the lumen surface. The angle of radial tilt was computed as:
, where L N is the length of the projected nucleus long axis, and L L is the perpendicular distance between lamellae. Density of medial cell nuclei was quantified by counting cell nuclei within the media of both CLSM and SBFSEM 3D volume images. Surface area-to-volume ratios were obtained from SBFSEM images using MATLAB (The Mathworks, Natick, MA). SMC perimeter and area were converted into surface area and volume, respectively, using the standard 40 nm thickness of each 2D slice.
Number of fibers in collagen bundles was measured directly from 2D SBFSEM images. Averages were computed from over 100 measurements.
Fiber orientation
Orientation of IEFs, collagen fibers, and cell nuclei were quantified using an orientation indicator (OI) based on twodimensional discrete Fourier transforms (DFT) performed on en face CLSM slices. The DFT was computed for each slice, and its magnitude was weighted to emphasize structures in the image with a specified spatial periodicity (corresponding to elastin and collagen structures repeating every 1.5-2.3 μm and SMC nuclei repeating every 1-9 μm). The central value of the projection of each weighted DFT was then computed for all projection angles using the radon transform as computed in MATLAB. The OI at each angle was computed by averaging these central values for a set of CLSM slices and normalizing these values to a mean of one. High values of OI at 90°correspond to circumferential orientation of structures with the specified spatial periodicity, whereas high values of OI at 0°and 180°correspond to longitudinal orientation. Windowing was performed on each image using Tukey windows to remove spurious peaks of the OI at 0°, 90°, and 180°. Medial and adventitial OIs were computed by using en face slices corresponding to medial and adventitial regions, respectively. The ratio of areas under the OI curve in the range of ± 10°from circumferential versus longitudinal was computed using OI values from 80°to 100°, divided by OI values from 0°to 10°and 170°to 180°.
Statistical values reported are based on a student's 2-tailed ttest using 2-sample equal variance.
